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Abstract 
A growing number of species require conservation or management efforts. Success of 
these activities requires knowledge of the species' occurrence pattern. Species-habitat 
models developed from GIS data sources are commonly used to predict species occurrence 
but commonly used data sources are often developed for purposes other than predicting 
species occurrence and are of inappropriate scale and the techniques used to extract predictor 
variables are often time consuming and cannot be repeated easily and thus cannot efficiently 
reflect changing conditions. We used digital orthophotographs and a grid cell classification
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scheme to develop an efficient technique to extract predictor variables. We combined our 
classification scheme with a priori hypothesis development using expert knowledge and a 
previously published habitat suitability index and used an objective model selection 
procedure to choose candidate models. We were able to classify a large area (57,000 ha) in a 
fraction of the time that would be required to map vegetation and were able to test models at 
varying scales using a windowing process. Interpretation of the selected models confirmed 
existing knowledge of factors important to Florida scrub-jay habitat occupancy. The 
potential uses and advantages of using a grid cell classification scheme in conjunction with 
expert knowledge or an HSI and an objective model selection procedure are discussed. 
Keywords: Florida scrub-jay; species-habitat model; occupancy; habitat mapping; model 
selection 
1. Introduction 
In the current conservation crisis, many populations are declining due to anthropogenic 
destruction or alteration of the species' critical habitat (DeGraaf and Rappole 1995, -Marzluff 
and Sallabanks 1998). Many of these species are geographically widespread, despite their 
habitat specificity, e.g. red-cockaded woodpecker Picoides borealis (REF NEEDED). 
Consequently, a growing number of species require conservation efforts and habitat 
management over large areas. Central to preserving such declining species is knowledge of 
the species range/geographic distributionloccurrence pattern and the distribution of suitable 
habitat (Gibson et al. 2004, Johnson et al. 2004, Noss 1983 as cited in Beard et al. 1999). 
Species-habitat models are often the only efficient approach to acquiring this information. 
However, species-habitat models often require predictor variable data be obtained from 
extensive or inaccessible areas. Thus, many species-habitat models use existing GIS data
sources generated for other purposes (e.g. land cover maps, satellite imagery, climatic maps 
and topographic maps) to expedite or eliminate the need to collect habitat data on the ground 
(e.g., Irwin 1998, Raphael et al. 1998, Villard et al. 1998, Dettmers and Bart 1999, Shriner et 
al. 2002, Seoane et al. 2003). Often such data is not collected at an appropriate spatial or 
temporal scale for the species of interest (Greco et al. 2002, Tobalske 2002). 
Even given readily available GIS data, conservation biologists and managers must 
have sufficient knowledge of the species-habitat relationship (the process being modeled) to 
relate GIS data sources to important habitat suitability predictors. Theoretically, vegetation 
features serve as the best predictors of vertebrate habitat occupancy because in many cases 
habitat selection is thought to operate on vegetation structure (Beard et al. 1999, Cody 1985). 
However, extracting fine resolution vegetation features (e.g., mapping land cover types) from 
GIS data sources often requires substantial time and effort (Seoane et al. 2003). This 
constraint is significant when management decisions based on predictive models are required 
in short time spans or frequent updates of habitat data are required, as is often the case in 
conservation planning and management (Fleishman et al. 2001). The need for decision 
support in conservation efforts often exceeds resources (Fielding and Bell 1997). In some 
cases workers have avoided mapping detailed vegetation data by using course resolution 
landscape properties to predict species occurrence (e.g., Fleishman et al. 2001, Mitchel et al. 
2001) but this approach will not be appropriate in many cases since models must match the 
scale of the process being modeled to have the best predictive power (Huston 2002). 
Consequently, techniques are needed that can quickly generate habitat data of suitable scale 
over large areas. 
We developed a rapid approach to species-habitat modeling in which habitat 
classification is integrated with an objective model selection procedure. As an efficient
alternative to detailed land cover mapping, we classified grid cells by a set of predictive 
vegetation and landscape variables that are interpreted from high-resolution aerial 
photographs. The grid cell classification scheme was derived from a set of apriori 
hypotheses (models) developed using existing knowledge. This knowledge was based in part 
on a modified habitat suitability index, HSI, (Breininger 1992, Breininger et al. 1998, 
Burgman et al. 2001, Duncan et al.1995). Although HSI are not explicitly designed to predict 
occurrence they can be useful to generate a priori hypotheses for model selection procedures 
(Van Horne 2002) such as the information-theoretic approach based on Akaikes Information 
Criterion suggested by Burnham and Anderson (2002). This approach is superior to 
indiscriminate predictor variable selection based on availability because developing models a 
priori is the only way to effectively confirm genuine effects (Burnham and Anderson 2002). 
Often investigators focus on prediction and ignore the opportunity to gain insight into the 
mechanism of habitat selection (Fielding and Bell 1997) but understanding the mechanism 
that underlies patterns of distribution is essential to conservation and management (Rushton 
2004). The combination of expert opinion (or a HSI) and objective model selection can be a 
valuable step in determining species-habitat relationships (Van Home 2002). 
The focus of this study was to develop an efficient approach to wildlife-habitat 
modeling that uses rapidly generated and biologically meaningfully habitat data in 
conjunction with an objective model selection procedure. We demonstrate this approach by 
developing predictive models of habitat occupancy of the Florida scrub-jay Aphelocoma 
coerulescens population on John F. Kennedy Space Center/Merritt Island National Wildlife 
Refuge (KSC). The Florida scrub-jay is a threatened species and the population on KSC has 
the potential to be one of the largest metapopulations of the species (Stith 1999, Stith et al. 
1996) and thus is important to conservation of the species. A large amount of scrub-jay
habitat on KSC is difficult to access and occupancy of these areas is unknown. Knowledge 
of occupancy in these remote areas could facilitate adaptive management efforts for this 
population.. 
2. Methods 
2.1 Field methods 
Fieldwork was conducted during March and April of 2000. Presence/absence data for 
the model was collected by sampling scrub-jay occupancy at random points. Sampling points 
were overlaid on primary and secondary scrub-jay habitat maps that were previously created 
using soils data (Breininger et al. 1991). A Trimble UPS unit (Trimble 1996, 1999) was used 
to navigate to within 2 meters of the points. Florida scrub-jays are permanently territorial 
birds (Woolfenden and Fitzpatrick 1984) and respond aggressively to playback of conspecific 
recordings. Using playback of scrub-jay vocalizations on a handheld tape cassette player we 
thoroughly sampled a 150 meter radius circle around each point to approximate the size of an 
average scrub-jay territory (Woolfenden & Fitzpatrick 1984). Playback was initiated at the 
center of the circle followed by playback at points 75 meters from the center point in each of 
the cardinal directions until scrub-jays were detected or the process was completed. Playback 
at each point in the sampling area began with a two minute bout of play followed by a minute 
of silence and then another 2 minute bout of play in the opposite (180 compass degrees) 
direction. If no jays were seen or heard within the 150 m radius sampling area after playback 
was conducted at all five points the sampled area was deemed unoccupied.
2.2 GIS/mapping 
Mapping of landscape characteristics was done using Arclnfo 7.0 and ArcMap 8.2. 
Landscape attributes were determined based on 1:24000 color infrared orthophotos taken in 
spring 2000. First, a grid coverage was created consisting of 10 ha square polygons. This 
layer was then overlaid on the digitized orthophoto image, and each grid cell occurring in 
potential Florida scrub-jay habitat (Breininger et al. 1991) was then assigned attributes for 
each of eight landscape variables (Table 1), based on photo-interpretation. Three additional 
attributes were derived from a combination of six of these variables using a modification of a 
Florida scrub-jay Habitat Suitability Index (Breininger 1992, Breininger et al. 1998, Burgman 
et al. 2001, Duncan et al.1995). HSI Scale 1 was calculated by modifying the habitat 
suitability index formula to fit the habitat variables determined by photo-interpretation within 
each cell (Figure 1). The remaining two variables were determined by taking the mean value 
of HSI Scale 1 for the focal cell and the surrounding cells at two scales. HSI Scale 2 was the 
mean of HSI Scale 1 for the focal cell and all cells within one cell of the focal cell. HSI Scale 
3 was the mean of HSI Scale 1 for the focal cell and all cells within two cells of the focal cell. 
2.3 Model selection 
We used the information-theoretic approach described by Burnham and Anderson 
(2002) to model relationships between Florida scrub-jay habitat occupancy and habitat 
characteristics measured from GIS mapping procedures. This method is based on selecting 
among a set of candidate alternative hypothesis (models) using a model selection tecimique 
based on how well-supported each hypothesized model is by the data (see Johnson and 
Omland 2004 for a succinct summary). Prior to data analysis we devised a set of 20 
alternative hypotheses (models) postulating relationships between habitat variables and 
Florida scrub-jay occupancy. These models were based on our knowledge of Florida scrub-
jay biology and published studies describing such relationships (e.g. Breininger 1992, 
Breininger and Carter 2003, Breininger and Oddy 2004, Breininger et al. 1995, 1998, 
Woolfenden and Fitzpatrick 1984). Logistic regression models with Florida scrub-jay 
occupancy as the response variable were then fit for each hypothesis using SPSS 12.0. 
Before model selection, the global model (i.e. a model that included all parameters 
considered in any model) was estimated and the fit assessed (Agresti 2002). Models were 
then ranked based on relative differences in the second order Akaike' s information criterion 
(AIC). AIC is recommended by Burnham and Anderson (2002) when the sample size 
divided by the number of parameters in the most parameterized model is less than 40. For 
each model we rescaled AIC C relative to the model with the lowest value to compute Ai (i.e. 
the model with the lowest AIC had Ai = 0) and also computed the Akaike weight, w 1 (useful 
in evaluating the relative likelihood of one model compared with another). For all models 
with Al <4 we evaluated the model fit (based on a X2 goodness-of-fit test, or the Hosmer-
Lemshow test for models with continuous variables) and present model parameter estimates. 
2.4 Model performance 
Because our emphasis was on inference rather than prediction we wanted to maximize 
the information for available for model selection. Therefore, we chose not to partition the 
survey points into training and evaluation data sets. However, we did conduct a cross-
validation (jackknife) procedure (Verbyla and Litvaitis 1989) to evaluate the predictive 
performance of the selected models. Each model was tested n times by removing one case at 
a time and model performance was evaluated using the receiver operator characteristic 
(Rushton et al. 2004, Fielding and Bell 1997). Future use of these models for predictive 
purposes will require collection of an independent validation data set (Fielding and Bell
1997). To demonstrate the utility of the method for predicting habitat occupancy, we used 
model averaging (see Burnham and Anderson 2002) to predict Florida scrub-jay occupancy 
for a region of the study site which had an independent data set of Florida scrub-jay habitat 
occupancy. This area was part of a demographic study of Florida scrub-jays; all of 
individuals were banded within this area aPd territory boundaries were mapped every year 
since 1988 (Breininger and Carter 2003). We included models in the set such that the sum of 
their w1 values exceeded 0.9 (analogous to a 90 % confidence set of models, Burnham and 
Anderson, 2002). We provide a visual presentation of these results. 
3. Results 
3.1 Field work 
Of 4297 grid cells comprising the study site, 57% (n=2455) were potential Florida 
scrub-jay habitat. Within potential habitat we surveyed 74 randomly located field locations 
for Florida scrub-jays. Of these, 54% (n= 40) were occupied by Florida scrub-jays. On 
average 3 scrub-jays responded to playback in occupied sites; range = 1-7. 
3.2 Model selection 
For each of the twenty hypothesized models, Table 2 gives the maximized log-
likelihood function and degrees of freedom of the fitted logistic regression equation (-2LL), 
the number of estimated parameters (k), the ration of k to the sample size (n=74), the AIC 
value, the difference between each model and the model with the lowest AJC C
 (Ai), and the 
Akaike weight (w i). The global model (the model that included all the terms included in any 
other separate model) was found to have an adequate fit (Hosmer and Lemeshow goodness of 
fit test X2 = 9.7, df= 8,p = 0.287). Four models were found to have Ai values less than 2
(Table 2); parameters of the fitted logistic regression equation for these models are given in 
Table 3.
The model with the lowest Al included the habitat suitability index scale 2 (HSI2) as 
the only predictor variable. The inverse logistic transformation of the fitted logistic 
regression equation for this model was: probability of Florida scrub-jay occurrence = 0.2 + 
167 * (HSI2). Since habitat suitability scale 2 was by definition between 0 and 1, for every 
0.01 increase in a cell's measured HSI2, the predicted probability of Florida scrub-jay 
occurrence increased 1.6 times. Another way to explore the output of a logistic regression 
model is to examine the predicted probability of success for various combinations of the 
predictor variables (Agresti 1990). Table 4 shows the predicted probability of Florida scrub-
jay occurrence for different levels of the predictor variables in each of the four models with 
Al values less than 2. The model with the next lowest Al (1.02) included scrub height (II) and 
ridge (A) as predictor variables. Scrub height (II) level 2 (optimal height) has the greatest 
positive effect on the predicted probability of Florida scrub-jay occurrence (Table 4). Also, 
by comparing between entries in Table 4 with the same values for the height variables but 
different values for A, it can be seen that when A = I (cell is not within one cell of a scrub 
ridge), the predicted probability of Florida scrub-jay occurrence is greatly reduced. The 
model with the next lowest Al (1.44) included % suitable habitat (2) and ridge (A) as 
predictor variables. As % suitable habitat (2) increased, the predicted probability of Florida 
scrub-jay occurrence also increased (Table 4). Also, by comparing between entries in Table 
4 with the same values for % suitable habitat but different values for A, it can be seen that 
when A = 1 (cell is not within one cell of a scrub ridge), the predicted probability of Florida 
scrub-jay occurrence is greatly reduced. This model however did not have an adequate fit
(Table 3). The model with the next lowest Ai (1 .58) included the habitat suitability index 
scale 1 (HSIJ)as the only predictor variable. The inverse logistic transformation of the fitted 
logistic regression equation for this model was: probability of Florida scrub-jay occurrence = 
0.4+ 22.9 * (HSIJ). Since habitat suitability scale 1 was by definition between 0 and 1, for 
every 0.0 1 increase in a cell's measured HSIJ, the predicted probability of Florida scrub-jay 
occurrence increased 0.23 times. 
3.3 Model performance 
According to ROC plots of the jackknife samples, HSI2 was best followed by HA, ZA, 
and HSIJ respectively. The area under the ROC function (AUC) was 0.74 for HSI2, 0.70 for 
both ZA, and HSIJ, and 0.66 for HA (ROC figure). Model average results for cells occurring 
in a long-term demographic study site are illustrated in Figure 1. 
4. Discussion 
4.] Efficient habitat mapping 
It might appear, based on the number of published studies that utilize GIS data to 
obtain predictor variables for models of species-habitat relationships, that this is a relatively 
direct and efficient process. However, many commonly used GIS data sources (e.g., land-
cover maps arid satellite imagery) must be further processed (e.g., vegetation mapping etc.) to 
allow predictive models with mechanisms that have biological significance. Unfortunately, 
this step in the model development process can be arduous (Beard et al. 1999). Furthermore, 
there are numerous other cases where pre-existing GIS data is not available or is unsuitable. 
For both cases, we believe that using grid cell-based classification of habitat characteristics is 
a more efficient alternative. Although some previous studies have used grid cell-based 
classification of GIS data (e.g. see, Collingham et al. 2000, Schadt et al. 2002, 
Gavashelishvili 2004) the classifications were typically based on topographic maps, land-
cover maps or satellite images. Our classification scheme is based on interpretation of 
vegetation and landscape characteristics using high resolution digital orthophotographs. We 
believe this technique is superior to classification schemes based on other sources (e.g., 
topographic maps, land-cover maps or satellite images) for two reasons. First, while no GIS 
data sources allow direct measurement of habitat features that determine habitat suitability 
(Rushton et al. 2004), classification of high resolution digital orthophotographs can be 
quickly accomplished by the wildlife investigator with knowledge of the focal species. This 
knowledge is essential because the variables that characterize pre-existing GIS data may not 
correlate well with predictive species-habitat variables (Van Home 2002). For example, 
land-cover maps represent classification schemes developed for other uses not specifically 
intended to predict species occurrence and consequently might lack sufficient detail to allow 
classification of potentially important variables (Seoane et al. 2003, Rushton et al. 2004). 
Second, high resolution digital orthophotographs allow features to be discerned that are not 
possible to map with satellite imagery. 
We believe grid cell classification improves on vegetation mapping because only 
variables of interest are classified, thus providing necessary detail with out having to map 
potentially time consuming detail. Another benefit is that the resolution at which the model 
operates is determined by the size of the cell. Furthermore, grid cells allow predictor 
variables to be determined at various resolutions by averaging cell values in a windowing 
•process. This is useful because a full understanding of the issue of scale as it applies to a 
particular situation is often not available (Rushton et al. 2004). In our example we used this 
process to calculate the HSI variable, as described earlier, at three scales. Subsequently, the 
HSI2 model (Table 2) was selected as the best fitting model. These results demonstrate the 
advantages of grid cells in determining appropriate scale and potentially revealing àther
important mechanisms that influence habitat occupancy. In this case the intermediate scale of 
the HSI2 model is probably related to behavioral traits exhibited by Florida scrub-jays other 
than habitat selection, such as philopatry, conspecific attraction (see Woolfenden and 
Fitzpatrick 1984) and their sentinel system (see McGowan and Woolfenden 1989) used for 
predator avoidance. 
4.2 Variable selection and model development 
Selection of the variables to be used to classify grid cells should be based on a careful 
review of existing knowledge of the system being modeled. This fits well with the 
information-theoretic model selection approach, because the validity of these procedures 
depends heavily on a priori hypothesis specification based on existing knowledge (Burnham 
and Anderson 2002). The hypothesis formulation stage of the model selection procedure 
should serve to determine the classification scheme as well as the candidate set of models. 
Integrating these steps also helps ensure a robust study design because sample points can be 
screened to ensure adequate coverage amongst all of the variables of interest. 
We relied on a combination of expert opinion and a HSI (Breininger 1992, Breininger 
et al. 1998, Burgman et al. 2001, Duncan et al.1995) to generate hypotheses (models) that 
relate habitat and landscape variables to scrub-jay habitat occupancy. The use of a HSI in the 
model development stage is not necessary but given the significance of HSI in management 
decisions (Brooks 1997) and their utility in generating hypotheses (Van Home 2002) we 
believe that more emphasis should be placed on using existing HSIs to investigate the 
mechanisms of species-habitat relationships. Our results show that HSI (particularly well 
developed ones) can be used to develop models that predict well (ROC figure).
4.3 Model interpretation 
If the goal of a modeling effort is to interpret the meaning of the selected models and 
make inference to the process being modeled then care should be taken to develop models 
that can be easily interpreted. In our case, using the actual HSI (geometric-mean algorithm) 
as a candidate model led to a model that performed well for prediction but was difficult to 
interpret ecologically. If inference is the primary goal, HSI will be more useful when used to 
develop simpler models based on the components of the index. For example, in the (HA) 
and (ZA) models it is easy to see how the probability of occupancy is related to the predictor 
variables (Table 4). Ridge (A) is clearly an important variable because the probability of 
occupancy is greatly reduced when a scrub ridge (A) is not present within or adjacent to a 
cell, A=1 (Table 4). This makes sense ecologically because scrub oaks Quercus spp. are an 
important component of scrub-jay habitat (Woolfenden and Fitzpatrick 1984, Breininger and 
Oddy 2004) and are dominant on ridges with well drained soil (Schmalzer and Hinkle 1992). 
Probability of occupancy is also influenced by the % of suitable scrub habitat (Z) in the cell. 
This agrees with the results of Breininger and Oddy (2004) who showed that poorly drained 
ridges with little oak cover were occasionally unoccupied whereas well drained ridges in 
which oaks dominate were always occupied. We also found that level two of Height (I]) had 
a large positive effect on probability of occupancy (Table 4). Scrub height is important factor 
in determining habitat quality and our level two represents optimal conditions (Breininger 
and Carter 2003). In population centers Scrub-jays prefer and compete for breeding 
opportunities in optimal habitat (Woolfenden and Fitzpatrick 1984, Breininger et al. 1995). 
Interpretation of our results confirmed existing knowledge of Florida scrub-jay habitat 
preferences but clearly we did not consider some important processes that influence habitat 
occupancy because the pattern of occupancy observed did not always agree with known
habitat preferences. Future work should consider patch history and scrub-jay behavioral 
traits not directly related to habitat preference. scrub-jay habitat quality varies temporally 
primarily as a function of the time elapsed since the last fire (Duncan et al. 1995) and 
although species can be abundant in marginal habitats, populations in these areas cannot 
persist withoutimmigration (Van Home 1983). Given the short dispersal distances of Florida 
scrub-jays (Woolfenden and Fitzpatrick 1984, Stith 1999) it is obvious that, despite current 
conditions, scrub-jay habitat may be unoccupied (and there may be a considerable lag time 
before an area is re-colonized) if historical conditions were marginal and a source of 
immigrants is not within the typical dispersal distance. 
4.4 Relating modeling results to conservation and management 
A primary objective in developing species-habitat models is to provide managers and 
conservation biologists with decision support. For example, predictive models can aid in 
determining habitat suitability or occupancy which in turn can aid in reserve design (Cabeza 
et al. 2004). The grid cell technique is well suited to developing maps of habitat suitability 
(e.g., Rubec et al. 2001) or occupancy (Figure 1) and thus could be used in this manner. A 
grid cell map could be also used to prioritize management or restoration efforts by 
distinguishing habitat suitability across a landscape (e.g., Lauver et al. 2002). Grid cell 
classification will be especially useful for situations where vegetation data require frequent 
updates due to continually changing vegetation conditions from management activities or 
natural processes. Furthermore, successive classification of grid cells through time will allow 
transition probabilities to be calculated for pertinent predictor variables and these may be 
used via Markov chain modeling for planning or to develop management strategies based on 
pre-determined scenarios (see Breininger and Carter 2004). The grid cell classification 
approach to habitat mapping demonstrated here can greatly benefit conservation efforts by
providing an efficient method to obtain appropriate data for predictor variables from readily 
available digital ortho-photographs while circumventing some of the common limitations of 
other types of GIS data. 
Predicting patterns and producing maps is important for management activities but 
understanding the mechanism that produces the pattern is equally important. Combining 
knowledge of an animal's ecology with objective model selection is an effective method to 
elucidate the mechanism underlying the process being modeled which may lead to more 
robust models, direct future investigation, and potentially have significant bearing on species 
management (Van Home 2002). 
Acknowledgments 
This study was funded as part of the NASA Life Sciences Support Contract NAS 10-
12180. We thank B. Summerfield, K. Gorman, F. Adrian, M. Barkaszi, R. Bowman, B. 
Duncan, M. Epstein, C. Hall, R. Hight, R. Hinkle, P. Scbmalzer, J. Fitzpatrick, G. 
Woolfenden, Merritt Island National Wildlife Refuge and Archbold Biological Station. 
References 
Agresti, A., 2002. Categorical data analysis, 2nd edn. Wiley-Interscience, New York 
Beard, K. H., Hengartner, N, Skelly, D. K., 1999. Effectiveness of predicting breeding bird 
distributions using probabilistic models. Conservation Biology 13, 1108-1116. 
Breininger, D. R., 1992. Habitat model for the Florida Scrub Jay on John F. Kennedy Space 
Center, NASA Technical Memorandum No. 107543, Kennedy Space Center, Florida.
Breininger, D. R., Oddy, D. M., 2004. Do habitat potential, population density, and fires 
influence Scrub-jay source-sink dynamics? Ecological Applications 14,1079-1089. 
Breininger, D. R., Carter, G. M., 2003. Territory quality transitions and source-sink dynamics 
in a Florida Scrub-jay population. Ecological Applications 13, 5 16-529.
Breininger, D. R., Larson, V. L., Duncan, B. W., Smith, R. B., 1998. Wildlife Society 
Bulletin 26, 118-128. 
Breininger, D. R., Larson, V. L., Oddy, D. M., Smith, R. B., 1995. Landscape patterns in 
Florida scrub jay habitat preferences and demography. Conservation Biology 9,1442-
1453. 
Brooks, R. P., 1997. Improving habitat suitability index models. Wildlife Society Bulletin 25, 
163-167. 
Burgman, M. A., Breininger, D. R., Duncan, B. W., Ferson, 5., 2001. Setting reliability 
bounds on habitat suitability indices. Ecological Applications 11, 70-78.

Burnham, K. P., Anderson, D. R, 2002. Model Selection and Multimodel Inference: A 
Pratical Information-Theoretic Approach, 2nd edn. Springer-Verlag, NY. 
Cabeza, M., Araüjo, M. B., Wilson, R. J., Thomas, C. D., Cowley, M. J. R., Moilanen, A., 
2004. Combining probabilities of occurrence with spatial reserve design. Ecology 41, 
252-262. 
Cody, M. L., 1985. Habitat Selection in Birds. Academic press, Orlando. 
Collingham, Y. C., Wadsworth, R. A., Huntley, B., Hulme, P. E., 2000. Predicting the spatial 
distribution of non-indigenous riparian weeds:issues of spatial scale and extent. 
Journal of Applied Ecology 37, (Suppl. 1)13-27.
DeGraaf, R. M., Rappole, J. H., 1995. Neotropical Migratory Birds: natural history 
distribUtion, and population change. Comstock Publishing Associates, Ithaca and 
London. 
Dettmers, R., Bart, J., 1999. A GIS modeling method applied to predicting forest songbird 
habitat. Ecological Applications 9,152-163. 
Duncan, B.W., Breininger, D. R., Schmalzer, P. A., Larson, V.L., 1995. Validating a Florida 
Scrub Jay habitat suitability model, using demography data on Kennedy Space 
Center. Photogrammetric Engineering & Remote Sensing 61,1361-1370. 
Fielding, A. H., Bell, J. F., 1997. A review of methods for the assessment of prediction errors 
in conservation presence/absence models. Environmental Conservation 24,38-49. 
Fleishman, E., Mac Nally, R., Fay, J. P., Murphy, D. D., 2001. Modeling and predicting 
species occurrence using broad-scale environmental variables: an example with 
butterflies of the great basin. Conservation Biology 15, 1674-1685. 
Gavashelishvili, A., 2004. Habitat selection by East Caucasian tur (Capra cylindricornis). 
Biological Conservation. 120, 395-402. 
Gibson, L. A., Wilson, B. A., Cahill, D. M., Hill, J., 2004. Spatial prediction of rufous 
bristlebird habitat in a coastal heathland: a GIS approach. Journal of Applied Ecology 
41, 213-223. 
Greco, S. E., Plant, R. B., Barrett, R. H., 2002. Geographic modeling of temporal variability 
in habitat quality of the Yellow-billed Cuckoo on the Sacramento River, miles 196-
219, California. In: Scott, J.M., Heglund, P. J., Morrison, M. L., (Eds.), Predicting 
Species Occurences: Issues of accuracy and scale. Island Press, Washington, D.C., pp. 
63-72.
Huston, M. A., 2002. Introductory essay: critical issues for improving predictions. In: Scott, 
J.M., Heglund, P. J., Morrison, M. L., (Eds.), Predicting Species Occurences: Issues 
of accuracy and scale. Island Press, Washington, D.C., pp. 7-21. 
Irwin, L. L., 1998. Abiotic Influences on Bird-Habitat Relationships. In: Marzluff, J. M., 
Sallabanks, R., (Eds.), Avian Conservation: Research and Management. Island Press, 
Washington, D. C., pp. 209-2 17. 
Johnson, C. J., Seip, D. R., Boyce, M. S., 2004. A quantitative approach to conservation 
planning: using resource selection functions to map the distribution of mountain 
caribou at multiple spatial scales. Journal of Applied Ecology 41, 238-251. 
Johnson, J. B., Omland, K. S., 2004. Model selection in ecology and evolution. Trends in 
Ecology and Evolution. 19, 101-108. 
Lauver, C. L., Busby, W. H., Whistler, J. L., 2002. Testing a GIS model of habitat suitability 
for a declining grassland species. Environmental Management 30, 88-97.

McGowan, K. J., Woolfenden, 0. E., 1989. A sentinel system in the Florida Scrub Jay. 
Animal Behaviour 37, 1000-1006. 
Mitchel, M. S., Lancia, R. L., Gerwin, J. A., 2001. Using landscape-level data to predict the 
distribution of birds on a managed forest: effects of scale. Ecological Applications 11, 
1692-1708. 
Noss, R. F., 1983. A regional landscape approach to maintain biodiversity. BioScience 33, 
AiIiIi11 
Raphael, M. 0., McKelvey, K. S., Galleher, B. M., 1998. Using Geographic Information 
Syatems and Spatially Explicit Population Models for Avain Conservation: A Case 
Study. In: (Marzluff', J. M. Sallabanks, R. (Eds.), Avian Conservation: Research and 
Management. Island Press, Washington, D. C., pp. 65-74.
Rubec, P. J., Coyne, M. S., McMichael Jr., R. H., Monaco, M. E., 1998. Spatial Methods 
being developed in Florida to determine essential fish habitat. Fisheries 23, 2 1-25. 
Rushton, S. P., Ormerod, S. J., Kerby, G., 2004. New paradigms for modeling species 
distributions. Journal of Applied Ecology 41, 193-200. 
Schadt, S., Revilla, E., Wiegand,T., Knauer, F., Kaczensky, P., Breitenmoser, U., Bufka, L., 
erven, J., Koubek, P., Huber, T., Stania, C., Trepi, L., 2002. Assessing the 
suitability of central European landscapes for the reintroduction of the Eurasian lynx. 
Ecology 39, 189-203. 
Schmalzer, P.A., Hinkle, C. R., 1992. Species composition and structure of oak-saw palmetto 
scrub vegetation. Castanea 57, 220-251. 
Seoane, J., Bustamante, J., DIaz-Delgado, R., 2003. Competing roles for landscape, 
vegetation, topography and climate predictive models for bird distribution. Ecological 
Modelling 171, 209-222. 
Shriner, S. A., Simons, T. R., Farnsworth, G. L., 2002. A GIS-based habitat model for wood 
thrush, Hylocichia mustelina, in great smokey mountains national park. In: Scott, 
J.M., Heglund, P. J. Morrison, M. L. (Eds.), Predicting Species Occurences: Issues of 
accuracy and scale. Island Press, Washington, D.C., pp. 529-535. 
Stith, B. M., 1999. Metapopulation Dynamics and Landscape Ecology of the Florida scrub-
jay, Aphelocoma coerulescens. Ph.D. dissertation, University of Florida, Gainesville. 
Stith, B. M., Fitzpatrick, J. W., Woolfenden, G. E., Pranty, B., 1996. Classification and 
conservation of meta populations: a case study of the Florida scrub-jay. In: McCullough, 
D. R. (Ed.), Metapopulations and wildlife conservation. Island Press, Covelo, ppl 87-
216.
Tobaiske, C., 2002. Effects of spatial scale on the predictive ability of habitat models for the 
Green Woodpecker in Switzerland. In: Scott, J.M., Heglund, P. J., Morrison, M. L. 
(Eds.), Predicting Species Occurences: Issues of accuracy and scale. Island Press, 
Washington, D.C., pp. 63-72. 
Trimble. 1996. Pathfinder office software volume 1-3. Trimble Navigation Limited 
Sunnyvale CA. 
Trimble 1999. TSC Asset Surveyor Operation Manual. Trimble Navigation Limited 
Sunnyvale CA. 
Van Home, B., 2002. Approaches to habitat modeling: the tensions between pattern and 
process and between specificity and generality. In: Scott, J.M., Heglund, P. J., 
Morrison, M. L. (Eds.), Predicting Species Occurences: Issues of accuracy and scale. 
Island Press, Washington, D.C., pp. 63-72. 
Van Home, B., 1983. Density as a misleading indicator of habitat quality. Journal of Wildlife 
Management. 47, 813-901. 
Verbyla, D. L., Litvaitis, J. A., 1989. Resampling methods for evaluating classification 
accuracy of wildlife habitat models. Environmental Management. 13, 783-787.

Villard, M., Schmidt, E. V., Maurer, B. A., 1998. Contribution of Spatial Modeling to Avian 
Conservation. In: (Marzluff, J. M., Sallabanks, R. (Eds.), Avian Conservation: 
Research and Management. Island Press, Washington, D. C., pp. 49-64.
Woolfenden, G. E., Fitzpatrick, J. W., 1984. The Florida scrub jay: demography of a 
cooperative-breeding bird. Princeton University Press, Princeton.
0
 1 
9
-
0
 
:D
-
0
 
9
-
0
 
U
)
-
I
 
U) a- CD - m
 
CD
 
CD
 
U
) 
CD
-
U
) 
C
) 
U
) 
0
 
CD
 
U
) 
-
'
 
U) a- CD (I) CD -, CD 3 U) 
-
o
 
CD
 
0
. 
9
-
0
 
CD
 
U
) 
C)
 
:
7
 
-
 C
) 
:7
 
U
) 
(0
 
-
I C) CD C
-
U
) 
U
) 
CD
 
CD
-
0
 
0
 
-
4.
 
0
 
9
-
CD
 
-
'
 
-
D
 
-
•'
 
CD
 
-
4- U) 0 0 -4,
 
N
) 
C
) 
C
) 
C
) 
U
) U) 0- CD 
I
I (I) C) U) - C.) 0) 22
22
2?
 
I Cl) C) U) S F'..) Cl)
I 0) C) U) S - Cl)
(CD
 
CD
 
.
-
o
 
CD
 
C
) CD
 0) C) 1 N
-
 
0
0
 ii
 
CD
 
U) -
0 CD 0
-
i 
CD
 C) 0 CD 3
C
) C H 
-
c CD
C
) C
 
I
 
CD
 
-
.
 I 
R5
 
-
' 
C)
C
)
C)
C)
C
)
C)
C)
C)
C
)
C
)
C) 
0
0
0
U
)
0
U
)
U
)
0)
0
)
U
)
U
) 
-
 
CD
-
 
CD
-
 
CD
-
 
CD
9
-
 
CD
9
-
CD
 
C
 
0
 
C
 
Cl
)
C
 
0
 
C
 
C/
)
C
 
0
 
C
 
Cl
)
(C
D 0
•
5 C 0
(0
 
0
. 
C
)
(0 0
. 
C
)
(0 0
. 
C
)
(0 0
. 
C
)
(0 0
. 
C
)
(0 0 C) 
3 CD 3 0 0. CD 0_ I 0- U) - 0) U) - 0. CD >< 2! C -,
3 CD 3 0 0. CD 0- I 0 U) - (/) 
•
<
 
-
 
0-
 
CD
 
><
 
.
-
 
21
 
C -,
3 0 CD I U) C U) a- - -0
 
CD
 
>
<
' 
-
.
 
CD
 
_
 
-
 0
0)
 
0
 
-
 
-
.
 -
 
CD
 
-
a
 CD
 9-
 5 • U) 
'
-
 
C
) 
CD
U
 
CD
 
CD
 
-
.
 
0
 
- C
 
CD
 
m
 - 
U
) 
C
) ' C
 
0
 
C U
) - 
,
.
,
.
0
 
-
o
 
-
,
 
CD
 
U
) 
CD
 
:
.
 
-
.
 
2
 
-
,
 
0)
 
Q
_ 
C
) CD
 
CD
 
=
 
C)
 
0 -
11
 
0 U) 9- 
-
o ' CD
 
CD
 
-
.
 
-
 
0 '
 
U) 0 U) C) CD C) CD F
 
0
>
 3 - - U) 0. 
-
g
 
CD
 
c
o
 ii 
o
 
Q)
 
a-
 C
CD
 
-
•
 
0
 5 CD 
-
0
 
<
 
CD
 
-
'
 
0
 
C
) 
0
 
. U U
) 
U
) 
<
-
 3 '.j U U) CD 0 Q 2 U)
m
 
5
 
C)
 
C
 
C
- 
U
) 
<
 
I
 
U
) 
-
-
 U
) 
-
.
0.
) 
U
) 
0
 
2
 
CD
 
C
) 
C
-
 
0
 
U
) - 
U
) 
-
 
. -
'
 
U
) 
o
 U) 0 2 CD V
I
 
CD
 
(0
 9- - C -
 
0 U) :- U) ii C) ' C a- 0 Z U) A 
CD
 
-
 
S
- 0
 
-
 
a
 
-
 
C
)
CD
S 
0
 
-
.
,
 
-
 
C
)
• 
C
) 
a
 
-
o
 
-
 ii 
•
<
 
CD
:
-
 
=
II 
'
U
)
' 
•
<
 
CD
0
. II
U) U)
CD
 
-
,
-
2
 
-
r 
2
. .
2
.
U)
-
,
 C 0-
 
CD
 
-
 
Ct
)
0
 
0
 
0
. 
0
. 
-
>
<
 
>
<
 
>
<
 
>
<
 
C
)
U 
=
 
U) C) E a-
C 0 U) 7_
 
-
 
0
 
0
 
C 2
.
2
.
 
-
 
-
'
g
 
CD
 
(C
D I
-
U
) 
C)
 
-
,
 
C
 
0
-
C
l
)
 
0
 
U)
 
U
)
II ; '-I
 ' 
-
C
 
(I)
 
C
 
I
-
U
) a
- S
U
) - 
v
 
• 2
u 3
 
-
S
 
CD
Table 2. Of the 20 a priori models hypothesized to relate landscape variables to Florida Scrub-Jay habitat 
occupancy, the model selection proceedure identified four model as clearly superior to the others (bold type). 
All of these models were well-supported, and should be considered if prediction of occupancy is a desired 
goal (see text for details). Models are designated in shorthand by referencing the explanatory variables included 
For identification of variables see table 1. When an interaction term was included all main effect terms were 
also included. For example, model S*H had the response variable Logit(Florida Scrub-Jay Occupancy) and 
included the explanatory variables Scub, Height and the interaction of Scrub and Height. 
Model Description -2 LL df AICc n/k w 
HSI Scale 2 86.21 1 90.37 0.00 37.00 0.36 
H, A 80.54 4 91.40 1.02 14.80 0.22 
Z, A 85.48 2 91.82 1.44 24.67 0.18 
HSI Scale 1 87.78 1 91.95 1.58 37.00 0.16 
Z 90.81 1 94.97 4.60 37.00 0.04 
HSI Scale 3 92.14 1 96.31 5.93 37.00 0.02 
S, H, 0, Z 74.74 9 98.13 7.75 7.40 0.01 
5, R 89.09 4 99.95 9.57 14.80 0.00 
5 91.39 3 99.96 9.58 18.50 0.00 
S, H, 0, R 76.98 9 100.36 9.99 7.40 0.00 
5, H, 0 79.84 8 100.57 10.19 8.22 0.00 
5, H, 0, Z, T 72.35 11 101.30 10.93 6.17 0.00 
S, H, 0, R, T 73.10 11 102.05 11.68 6.17 0.00 
5, H, 0, T 76.25 10 102.38 12.00 6.73 0.00 
5, H, 0, R, T, Z, F 67.61 13 102.49 12.12 5.29 0.00 
5, H, 0, F 79.33 9 102.72 12.35 7.40 0.00 
H 94.47 3 103.03 12.66 18.50 0.00 
S*R 86.75 7 104.90 14.53 9.25 0.00 
S*H 79.54 12 111.41 21.04 5.69 0.00 
0, S*H 74.67 14 112.67 22.30 4.93 0.00 
Global (variables used in any model included) 50.70 25 131.36 2.85
Table 3 
Parameters of the fitted logistic regression equation for selected models 
Model Variables B S.E. df Exp(B) x2 a df p 
HISScale2 HISScale2 5.11 1.45 1 166.10 7.93 8 0.44 
constant -1.47 0.51 1 0.23 
H, A H(1) b 0.82 1.02 1 2.27 1.01 4 0.91 
H(2) b 2.86 1.45 1 17.45 
H(3) b 2.16 0.98 1 8.66 
A -2.06 0.61 1 0.13 
constant -0.58 0.87 1 0.56 
Z, A A -1.27 0.55 1 0.28 13.39 6 0.04 
Z 0.03 0.14 1 1.03 
constant -1.40 1.24 1 0.25 
HIS Scale I HIS Scale 1 3.13 0.92 1 22.87 4.54 5 0.48 
constant -1.04 0.43 1 0.35
a Resu;ts of Hosmer and Lemeshow Goodness of fit test. 
b H is a categorical variable with four levels so three dummy variables are used to fit the model. For H=1 :{H(1 )= 
1, H(2)0, H(3)0}, H2:{H(1)0, H(2)1, H(3)0}, H3:{H(1)0, H(2)=0, H(3)z1},H=4:{H(1)=0, H(2)=0, H(3)=0}. 
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Figure 1. Calculation of Habitat Suitability Index (HSI) values for 10 ha grid cells was 
based on a modification of methods described in Breininger et al. (1998, 2001). 
Variables refer to landscape features mapped onto grid cells (see Table 1). 
Figure 2. An example of grid cell map (based on mQdel predictions) was overlain by 
territory maps of a long-term demographic study site. Eaôh polygon represents a territory 
and hatched polygons were unoccupied during the period that random points were 
sampled for scrub-jay occupancy. The probability of occupancy for each cell was 
calculated using model averaging. 
Figure 3. The predictive performance of the selected models was evaluated by 
calculating the area under the receiver operator characteristic function.
